Clostridium difficile has been identified as the most important single identifiable cause of nosocomial antibiotic-associated diarrhea and colitis. Virulent strains of C. difficile produce two large protein toxins, toxin A and toxin B, which are involved in pathogenesis. In this study, we examined the effect of lysogeny by ⌽CD119 on C. difficile toxin production. Transcriptional analysis demonstrated a decrease in the expression of pathogenicity locus (PaLoc) genes tcdA, tcdB, tcdR, tcdE, and tcdC in ⌽CD119 lysogens. During this study we found that repR, a putative repressor gene of ⌽CD119, was expressed in C. difficile lysogens and that its product, RepR, could downregulate tcdA::gusA and tcdR::gusA reporter fusions in Escherichia coli. We cloned and purified a recombinant RepR containing a C-terminal six-His tag and documented its binding to the upstream regions of tcdR in C. difficile PaLoc and in repR upstream region in ⌽CD119 by gel shift assays. DNA footprinting experiments revealed similarities between the RepR binding sites in tcdR and repR upstream regions. These findings suggest that presence of a CD119-like temperate phage can influence toxin gene regulation in this nosocomially important pathogen.
Clostridium difficile, a gram-positive, anaerobic, spore-forming bacterium, has been identified as one of the major causative agents of antibiotic-associated diarrhea and pseudomembranous colitis. C. difficile produces toxins A and B that damage intestinal mucosa and cause fluid accumulation in the colon (1) . The toxin genes tcdA and tcdB, along with accessory genes tcdR, tcdC, and tcdE, are part of a 19.6-kb pathogenicity locus (PaLoc). Toxin genes tcdA and tcdB are positively regulated by TcdR (previously TxeR) (27) , and tcdC is involved in the negative regulation of toxin genes (16, 29) . In pathogenic C. difficile strains, the PaLoc is present at identical locations in the chromosome, whereas it is completely absent in nontoxinogenic strains. This observation has led to the suggestion that the presence of the toxin gene cluster may be associated with a transposable genetic element (3) . In other clostridial species, toxins are known to be encoded by mobile genetic elements such as bacteriophages and plasmids (6, 9, 10, 31) .
Following publication of the genome of ⌽CD119 (15) , the genome of a second C. difficile temperate phage (⌽C2, a member of the Myoviridae) was published (13) . More recently, eight temperate phages were characterized from six different C. difficile isolates, including the hypervirulent strain responsible for a multi-institutional outbreak (NAP1/027 or QCD-32g58) (11) . In addition, the multidrug-resistant C. difficile strain CD630 was found to harbor two highly related prophages (13, 39) as part of its mosaic genome, where nearly 11% is made of mobile genetic elements. Thus, it appears that C. difficile strains often harbor temperate phage(s) as part of their genetic makeup. No direct evidence of lysogenic conversion of a nontoxinogenic C. difficile strain to toxin production was shown. However, preliminary results showed that toxin A and/or toxin B production is modified in a toxigenic C. difficile lysogen (12) . In our lab we have successfully used a C. difficile phage for treating C. difficile-associated disease in hamster models (37) . Later, we characterized and presented the first complete C. difficile phage genome (15) . During these studies it was found that ⌽CD119 could modulate toxin production in its C. difficile host strains. Hence, we have conducted a detailed study on the effect of lysogenization by this temperate phage on toxin production in C. difficile and characterized the role of phage-encoded protein RepR on transcriptional regulation of the PaLoc genes. This is the first evidence demonstrating the role of a temperate phage in virulence gene regulation in C. difficile.
MATERIALS AND METHODS
C. difficile growth conditions, phage propagation, and purification. The C. difficile strains were stored in chopped meat broth (Carr Scarborough Microbiologicals, Inc., Decatur, GA) at room temperature. When required, the broth cultures were subcultured onto brain heart infusion agar and incubated anaerobically at 37°C. Bacteriophage was induced as described by Mahony et al. (26) , propagated, and purified according to methods described previously (15) .
Generating ⌽CD119 lysogens. The C. difficile ⌽CD119 lysogen F10 and the ⌽CD119 host C. difficile strains 602, 660, and 460 were obtained from Rosanna Dei, Universitá degli Studi di Firenze, Italy. Bacteriophage ⌽CD119 was induced by mitomycin C treatment from ⌽CD119 lysogen F10 and was isolated by techniques described by Mahony et al. (26) . ⌽CD119 (1 ϫ 10 9 PFU) was spotted on a lawn of C. difficile strains 602, 660, or 460 on brain heart infusion agar plates and incubated overnight at 37°C, under anaerobic conditions. Bacterial colonies within the lysis zone were isolated and tested for phage production following mitomycin C (10 g ml Ϫ1 ) treatment. Putative lysogens were confirmed by probing their genomic DNA with ␣-32 P-labeled ⌽CD119 DNA. Three ⌽CD119 lysogens were isolated in each host C. difficile strain and were named after their parental isolate number, followed by an alphabetical character with a phage sign (e.g., 602⌽A, 602⌽B, and 602⌽C are the three individually isolated lysogens derived from strain 602).
Toxin A assay. Toxin A was measured using an enzyme-linked immunosorbent assay (ELISA) kit from Meridian Diagnostics Inc., Cincinnati, OH. Bacterial cultures were harvested at different time points from C. difficile strains by centrifugation and were resuspended in Tris buffer (0.05 M Tris-HCl, pH 7.5). The cytosolic contents of the harvested cells were obtained by sonication followed by brief centrifugation. Equal amounts of cytosolic proteins were taken, and their relative toxin A content was determined using an ELISA kit according to the manufacturer's directions. Tris buffer (0.05 M Tris-HCl, pH 7.5) alone was used as a negative control.
Reverse transcriptase PCR. Total RNA was prepared from C. difficile cultures using an RNeasy minikit (Qiagen). After DNase treatment for 30 min at 37°C, the RNA was cleaned with RNeasy columns and was checked for DNA contamination by PCR. The cDNA was synthesized using 1 g of DNA-free RNA and random hexamer primers and employing a first-strand cDNA synthesis kit for reverse transcription-PCR (using avian myeloblastosis virus reverse transcriptase) from Roche Biochemicals (Indiana). The synthesized cDNA and the genespecific primers (Table 1) were used in the subsequent PCRs. Except for tcdC, all transcriptional analyses were performed using RNA extracted from 16-h-old C. difficile cultures. For tcdC analysis RNA was extracted from a culture of C. difficile grown for 8 h. , and it was permeabilized with 50 l of 0.1% SDS plus chloroform. The enzyme reaction was started by the addition of 0.16 ml of 6 mM p-nitrophenyl ␤-D-glucuronide (Sigma) and stopped by the addition of 0.4 ml of 1.0 M NaHCO 3 . ␤-Glucuronidase activity units were calculated as described before by Dupuy and Sonenshein (8) .
Purification of RepR-His 6 protein.
To purify RepR-His 6 , a 1-liter culture of the BL21-CodonPlus(DE3) strain carrying pETRepR was grown at 37°C for 4 h in the presence of IPTG (0.5 mM). The cells were harvested by centrifugation (13,000 ϫ g), resuspended in 20 ml of buffer A (50 mM sodium-phosphate, 300 mM NaCl, 20 mM imidazole), and lysed by sonication and the cell debris was removed by centrifugation (14,000 ϫ g). The supernatant was loaded on a 5-ml Ni ϩϩ Sepharose column (Amersham Biosciences) and washed with buffer A.
RepR was eluted sequentially with buffer B (50 mM sodium phosphate, 300 mM NaCl) containing imidazole at concentrations of 50 mM, 100 mM, and 150 mM and analyzed for purity by SDS-PAGE. Fractions with RepR were pooled, dialyzed against water, and lyophilized. Protein concentration was measured by the Bradford method (2). Gel mobility shift experiments. Sequences upstream of tcdR and repR were amplified by PCR, with the primer pair TXR2 (5Ј-TAATGATGCTTTATTTG AAAATTTTG-3Ј) and TXR3 (5Ј-TTATTGACTAAATTATAAAGTTTC-3Ј) and the pair REP1 (5Ј-AGTCATAGTATTCACCTTCCGTTTTT-3Ј) and REP2 (5Ј-TCAACTCCTTTTGTTTTCATTTTGCT-3Ј), respectively, and labeled with biotin using a 3Ј biotin end-labeling kit (Pierce), following the manufacturer's recommendations. DNA binding with RepR protein was performed using a LightShift Chemiluminescent electrophoretic mobility shift assay kit (Pierce) following the manufacturer's instructions. Briefly, binding reactions with 10 picomoles of biotinylated DNA targets were performed with different concentrations of purified RepR protein in 20-l reaction mixtures in 1ϫ buffer (10 mM Tris-HCl, 50 mM KCl, 10 mM MgCl 2 , 1 mM dithiothreitol at pH 7.5) supplemented with 50 ng/l poly(dI-dC) and 10% glycerol. After incubation for 30 min at room temperature, binding reaction mixtures were loaded onto 8% polyacrylamide gels in 0.5ϫ Tris-borate-EDTA buffer. After electrophoresis, the reaction mixtures were transferred from the gel onto a nylon membrane using a Bio-Rad minigel wet transfer system at 380 mA for 30 min. The DNA was cross-linked with UV (at 312 nm) for 10 to 15 min with the membrane face down on a transilluminator. The biotin-labeled DNA was detected using streptavidin-horseradish peroxidase conjugate as per the manufacturer's instructions. The amount (moles) of purified RepR used in the binding reaction mixtures was calculated based on the molecular size of monomer RepR.
DNA footprinting experiments. Upstream regions of repR and tcdR were PCR amplified using specific primers. For repR upstream regions, the REP1 (see above) forward phosphorylated primer and the reverse REP3 (5Ј-CTTAATTA TAGTTAACATTTTGCTAAC-3Ј) primer were used. For the tcdR upstream region, the forward TXR2 primer (see above) and the reverse phosphorylated primer TXR4 (5Ј-TGTTTTTACAATACTTTATTAATATAAAG-3Ј) were used. The amplified products were gel extracted and end labeled with ␥-32 P using T4 polynucleotide kinase. Approximately 20,000 cpm of the labeled probe was used in each reaction mixture, and the footprinting experiments were carried out as per the instructions of the Core Footprinting System (Promega). The RepR binding reactions were performed at room temperature in a 50-l reaction mixture containing binding buffer (50 mM Tris-HCl [pH 7.8], 100 mM KCl, 12.5 mM MgCl 2 , 1 mM EDTA, and 20% glycerol) for 10 min. Fifty microliters of Ca 2 /Mg 2 solution (5 mM CaCl 2 and 10 mM MgCl 2 ) and 3 U of RQ1 DNase were then added, and the mixture was incubated for 1 min. Following digestion, the DNA was precipitated, resuspended in 4 l of sequencing gel loading buffer (38) , heated to 80°C for 5 min, and separated in a 9% polyacrylamide gel with 7 M urea. For the markers, Maxam-Gilbert GϩA sequencing reactions were performed on the PCR-amplified products (30) .
RESULTS
Effect of ⌽CD119 infection on toxin production in C. difficile. Our preliminary studies suggested that lysogenization of ⌽CD119 could modulate toxin production in C. difficile (R. Govind and J. A. Fralick, unpublished data). To understand whether this effect is strain specific, we tested toxin production in ⌽CD119 lysogens derived from three different C. difficile strains, 602, 660, and 460. Cytosolic proteins from the lysogens and their respective parent strains were harvested from overnight cultures, and the relative amount of toxin A was determined by ELISA. Tris buffer used for the protein preparation was used as a negative control in the ELISAs, and it recorded zero absorbance. In all three backgrounds the ⌽CD119 lysogens produced approximately 50% less toxin A than their respective parent strains (Fig. 1) . These results suggest that the effect of ⌽CD119 lysogenization on C. difficile is not strain specific. For further analyses on the effect of ⌽CD119 lysogenization on toxin production, we selected two lysogens derived from the strain 602, 602⌽A, and 602⌽B. We compared toxin A production of 602⌽A and 602⌽B lysogens with their parent (602) throughout their growth cycles. It was found that the rates of cell growth are similar in lysogens and the parent strain (Fig. 2) . However, the relative amount of toxin A per OD 600 in the lysogens was consistently less than that present in the parent throughout the growth cycle (Fig. 2) .
Transcriptional analyses in ⌽CD119 lysogens. Using reverse transcriptase PCR, transcriptional analyses of different genes were performed with strain 602 and the 602⌽ lysogens. To determine the effect of ⌽CD119 lysogenization on the regulation of the pathogenicity loci of C. difficile, we compared the transcription of all five genes of the PaLoc. Several studies (8, 18, 23, 35 ) have shown increased toxin production at the RNA from an 8-h culture was used to analyze tcdC transcription, a stage at which it was found to be transcribed (18) . The transcripts of tcdA, tcdB, tcdR, tcdE, and tcdC were found to be downregulated in the lysogens compared with the parent strain (Fig. 3a) . Among the toxin genes, tcdA was transcribed at a higher rate than tcdB in the parent strain, supporting an earlier observation that the difference in tcdA and tcdB mRNA levels was approximately twofold (8) . Equal levels of 16S rRNA were amplified from both the lysogens and the parent and served as internal controls. In our previous study we defined the integration site of ⌽CD119 to be present between C. difficile genes CD2693 and CD2694 (15) . The integration site of ⌽CD119 in between genes CD2693 and CD2694 was confirmed through PCR in lysogens 602⌽A and 602⌽B (data not shown). We then examined the effect of the integration of ⌽CD119 on the expression of host genes CD2693 and CD2694 that are present on either side of the prophage ⌽CD119 in lysogens. The transcripts of both of these genes were found to be unaffected by lysogenization with ⌽CD119 (Fig. 3b) , suggesting that the effect of ⌽CD119 lysogenization on C. difficile PaLoc expression is specific for the PaLoc. We cloned, sequenced, and annotated the genome of the ⌽CD119 (15) and identified several open reading frames ([ORFs] ORF44, ORF45, and ORF46) which code for putative transcriptional regulators. Of these ORFs, only ORF44 is transcribed in ⌽CD119 lysogens along with the gene that encodes integrase, int (Fig. 3c) (15) . ORF 44 (repR) contains an Nterminal helix-turn-helix domain (IPR001387), which belongs to the XRE family of repressors (25) . Similar to many other prophages, repR and int may be involved in the maintenance of lysogeny of ⌽CD119 in C. difficile.
RepR represses tcdA and tcdR expression in E. coli. Since we found that repR is expressed in ⌽CD119 lysogens and that the PaLoc genes are downregulated in ⌽CD119 lysogens, we examined the effect of RepR on toxin gene regulation. To accomplish this, we measured the effect of RepR on the expression of the tcdA-gusA and tcdR-gusA promoter fusions in E. coli. Initially, we transformed the gusA mutant E. coli strain GM241 (DE3) carrying either tcdA-gusA (pACY512) or tcdRgusA (pACY515) with pET22b and tested for ␤-glucuronidase activity and found that the activity was below detectable levels (data not shown). These results suggested that the tcdA and tcdR promoters in pACYC512 and pACYC515 were not active in E. coli strain GM241 (DE3) due to the absence of TcdR, the positive regulator. In 1997, Moncrief et al. provided the first evidence for a positive role of TcdR in toxin gene regulation using a reporter fusion in E. coli (32) . These results were confirmed by similar experiments using Clostridium perfringens (27) and later in C. difficile (28) . Our results are in agreement with these previous observations and justify the use of E. coli strain GM241 (DE3) for studying tcdA and tcdR promoter activity. After these initial studies, we then introduced the plasmid expressing RepR (pETRepR) or the control pET22b into E. coli strains carrying either pACYC521 or pACYC525.
The plasmids pACYC521 and pACYC525 carry the tcdR-gusA and tcdA-gusA fusions, respectively, along with the tcdR structural gene under its own promoter. Since the repR gene is under the control of IPTG-inducible T7 promoter, we measured ␤-glucuronidase activity with respect to growth with and without IPTG RepR induction. Expression of tcdA-gusA and tcdR-gusA was recorded in E. coli strains carrying pACYC521 or pACYC525 along with control pET22b. Production of RepR reduced the level of the gusA product when it was under the control of either the tcdA or tcdR promoter, and the reduction was observed throughout the growth cycle ( Fig. 4a to  d) . The effect of RepR on the gdh promoter was measured in cells carrying the pETRepR plasmid along with pACYC528, and it was found that RepR has no effect on the gdh promoter ( Fig. 4e and f) . These results suggest that RepR specifically represses the tcdA and tcdR promoters when TcdR is coexpressed. This might be due to either the direct interaction of RepR with these promoters or the regulation of tcdR expression. To examine these possibilities, we purified RepR and conducted DNA binding studies. Expression and purification of ⌽CD119 RepR. To purify RepR, we transformed the pETRepR plasmid into the BL21-CodonPlus(DE3) strain, and the expression of the RepR protein was followed by SDS-PAGE and Western blot analyses employing His 6 antibodies (Invitrogen). The immunoblot of protein extracts of E. coli strain carrying the pETRepR (Fig.  5a) showed a band around 16 kDa, corresponding to the predicted size of the recombinant RepR-His 6 protein. No such protein was detected in the absence of the RepR-encoding plasmid. Western blotting using anti-histidine antibodies also confirmed the expression of RepR protein. A band around 32 kDa was also detected in the Western blot, suggesting that RepR may form a dimer, like many other DNA binding proteins (19) (Fig. 5a ). The expressed protein was purified (Fig.  5b) using Ni ϩϩ affinity columns and used in gel mobility shift and DNA footprinting experiments.
Gel shift experiments. Initially, partially purified RepR protein (Fig. 5b, lane 4) was used in DNA binding experiments with tcdA and tcdR upstream DNAs, and it was found that RepR could bind only with tcdR and not with tcdA upstream DNA (data not shown). We then purified RepR and used different dilutions to perform DNA binding experiments with tcdR upstream DNA as well as with repR's own upstream DNA. The phage repressor proteins have been shown previously to bind to upstream operator regions to control promoters that decide lytic versus lysogenic cycles of the phage (42) . Our results demonstrated that RepR can bind to its own upstream region, and competition by the addition of unlabeled excess probe abolished the binding, indicating the specificity of the interactions (Fig. 6b) . Similarly, when RepR was added to a tcdR upstream DNA fragment, the mobility of the DNA was decreased, depending on the amount of RepR added, and the interaction was found to be specific through competition experiments (Fig. 6a) . These results suggest that RepR modulates toxin gene expression indirectly by controlling the expression of tcdR, the toxin gene regulator.
Identification of RepR binding sequences in tcdR and repR upstream regions. To identify the specific binding sites of RepR, a DNase I footprinting assay was performed with the tcdR and repR upstream DNA regions. RepR protected a region extending from positions Ϫ68 to Ϫ118 relative to the tcdR ATG start codon (Fig. 7a) , and it lies downstream of the tcdR predicted promoters (Fig. 7c) (28) . RepR binds to the repeat sequences ( Fig. 7b and d) upstream of the repR start codon. These repeat sequences may represent the repR operators. However, the implication of RepR's binding to these sequences in controlling the lytic versus lysogenic cycles of ⌽CD119 is yet to be determined. When we aligned the RepR binding sequences in both repR and tcdR promoter regions with the LALIGN program (http://www.ch.embnet.org/software /LALIGNform.html), we identified multiple sequence similarities between the two RepR binding regions (Fig. 7e ). This could explain RepR's ability to bind to tcdR upstream, which resulted in reduced toxin gene expression. BLAST analysis against the C. difficile genome using the putative operator sequence (Fig. 7d ) revealed many possible RepR binding sequences, and, interestingly, one was found within the coding region of the tcdC gene (data not shown).
DISCUSSION
In the genus Clostridium, several toxin-encoding genes are located on mobile genetic elements such as nonintegrative lysogenic phages, lysogenic phages, and plasmids (6, 9, 17, 31) . In C. difficile, it has been shown that PaLoc genes share homology with phage genes, tcdE with phage holins (41) , tcdA with a Clostridium tetani phage CT2 gene (4) , and tcdC with ORF22 of Lactobacillus casei phage A2 (14) . In this study, by demonstrating the interaction of a phage regulator with that of a PaLoc gene, we are presenting another piece of evidence for the possible relationship of the PaLoc with a temperate bacteriophage. We examined the effect of a phage repressor, RepR, on the expression of PaLoc genes of C. difficile. We found that the expression of the ⌽CD119 RepR protein in C. difficile ⌽CD119 lysogens decreased toxin production. Transcriptional analysis revealed a decreased level of RNA from all five PaLoc genes (tcdR, tcdB, tcdE, tcdA, and tcdC) (Fig. 3a) , and reporter gene fusion experiments in E. coli carrying tcdR indicated that the presence of RepR causes the downregulation of tcdA and tcdR promoters (Fig. 4) . Furthermore, DNA binding studies indicated that RepR binds specifically to DNA sequences upstream of tcdR as well as to its own gene (Fig. 6) . TcdR is an autoregulator that acts as an activator for tcdB and tcdA (8, 27, 28) . Hence, our results suggest that RepR is acting through tcdR to downregulate tcdB and tcdA. RepR also down- FIG. 4 . ␤-Glucuronidase activity of tcdA promoter-gusA and tcdR promoter-gusA fusions (ptcdA-gusA and ptcdR-gusA, respectively). E. coli strains carrying promoter fusion plasmids along with a RepR-expressing plasmid (pETRepR) or vector (pET22-b) were grown and assayed for ␤-glucuronidase activity. The values represent the means of three independent experiments (plus standard error). The graphs are as follows: growth curve (b) and ␤-glucuronidase activity (a) of E. coli strains carrying reporter plasmid pACYC521 with tcdA-gusA; growth curve (d) and ␤-glucuronidase activity (c) of E. coli strains carrying reporter plasmid pACYC525 with tcdR-gusA; growth curve (f) and ␤-glucuronidase activity (e) of E. coli strains carrying reporter plasmid pACYC528 with gdh-gusA. Strains were grown with (ϩ) or without (Ϫ) IPTG.
regulates tcdE, a phage holin-like gene, whose product has been speculated to play a role in toxin release through the formation of membrane lesions and eventual lysis (41) . This gene lies between tcdB and tcdA, and although tcdE does not appear to have a TcdR-dependent promoter, it has been suggested that a significant amount of transcriptional readthrough occurs, resulting in bicistronic transcripts, including tcdB-E (18) . RepR may be regulating tcdE through TcdR regulation of tcdB. Thus, reduced TcdE-mediated host cell lysis would help the prophage to successfully maintain its lysogeny. How RepR downregulates tcdC, a negative regulator of tcdA and tcdB, is unknown and is currently under investigation. The presence of a putative RepR binding sequence within the tcdC coding region could partly explain the reduced tcdC transcription observed in ⌽CD119 lysogens. If PaLoc was once part of a prophage whose gene expression was regulated by RepR, or a RepR-like repressor, then the silencing of all five PaLoc genes might be expected. Interestingly, CodY, a global regulator in C. difficile, was also found to downregulate both tcdR and tcdC (7) . Similar to the function of ⌽CD119 RepR, a prophage-encoded repressor regulating a host bacterial gene was reported in phage in an earlier study (5) . In E. coli, infection resulted in the complete suppression of the host pckA gene, which encodes phosphoenolpyruvate carboxykinase, a gene critical for gluconeogenesis (5) . It was found that the lambda phage repressor cI, which shuts down lytic phage gene expression, also bound to the operator of the pckA gene and resulted in its downregulation.
Lysogens gain specific advantages from their relationship with phage that improve their overall fitness. In certain bacteria, infection by phage and subsequent conversion result in altered metabolic capabilities (24) . In a recent review on marine prophage, the possible role of prophage-encoded repressors in shutting down unwanted metabolic pathways for the survival of the host bacteria under an unfavorable environment has been discussed (36) . In C. difficile, toxin gene expression is clearly sensitive to several environmental factors such as the presence of carbon sources, temperature, biotin, and various The effect of some of these environmental factors on repR and subsequent changes in the toxin gene expression in ⌽CD119 lysogens is currently under investigation. A recent study has identified the presence of a cyclic di-GMP riboswitch within the lysis module of the ⌽CD119 genome (40) . Riboswitches are mRNA domains that control gene expression in response to changing concentrations of their target ligands (34) . The presence of such a system in ⌽CD119 clearly indicates that it has evolved to monitor the physiological changes in its host through regulatory networks, and, hence, it is reasonable to assume that their effect on PaLoc genes may be part of such a network. Hence, from our study, it appears that a phage regulator(s) is another member of the complex regulatory pathways involved in C. difficile toxin regulation.
